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ABSTRACT 
 
The synthesis and characterization of new chromophores with second-order nonlinearities containing 
thienylpyrrole 1a, 2a-b, bithiophene 3 and arylthiophene 4 as π-conjugated bridges and 
indanonedicyanovinyl acceptor group are reported. The effect of placing the acceptor group at 
thiophene or pyrrole rings on the optoelectronic properties was also evaluated for thienylpyrrole 
derivatives 1a and 2a-b. The linear optical properties (absorption and emission) for all compounds 
were evaluated in dioxane solutions. In addition, the hyperpolarizabilities β of chromophores 1-4 
were measured using hyper-Rayleigh scattering in dioxane solutions and thermogravimetric analysis 
(TGA) was used to evaluate their thermal stability. The experimental results indicate that 
chromophores 1-4 are endowed with both excellent optical nonlinearities and high thermal stability 
making them interesting candidates for nonlinear optical (NLO) applications. 
 
Keywords: nonlinear optics (NLO), hyper-Rayleigh scattering (HRS) technique, bithiophene, 
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1. INTRODUCTION 
 
An exciting aspect of nanoscience is that relationships between structure and electronic properties 
are being uncovered through a combination of synthesis, optical and structural characterization and 
theory. This is especially true regarding the design of organic molecules as nonlinear optical (NLO) 
materials. Motivated by the great potential of organic molecules for use in optical communication, 
information processing, frequency doubling and integrated optics, there has been intense efforts in 
recent years to optimize the nonlinear response of donor-acceptor heterocyclic systems. These 
systems are especially interesting because they possess an enhanced NLO response in comparison 
with the corresponding aryl analogues. Electron excessive/deficient heterocycles can act as auxiliary 
donors/acceptors when they are connected to donating/withdrawing groups, and the increase of 
donor/acceptor strength can lead to a substantial increase in the NLO response.
2-3
  We have recently 
synthesized and characterized several bithiophene and thienylpyrrole push-pull heterocyclic 
compounds for several optical applications.
4-9
 Here we report on the synthesis, thermal stability and 
linear and NLO properties characterization of novel thienylpyrroles 1-2, bithiophene 3 and 
arylthiophene 4 functionalized with indanonedicyanovinyl acceptor group at thiophene or pyrrole 
rings. The molecular structure, especially the degree of planarity and the relative orientations of the 
auxiliary donor and acceptor entities, is found to strongly influence the NLO response.  
 
 
2. EXPERIMENTAL DETAILS 
 
2.1 Measurements 
 
Hyper-Rayleigh scattering (HRS)
10-11 
 was used to characterize the first hyperpolarizability  of 
response of the molecules studied. The experimental set-up is schematically illustrated in Fig. 1. A 
Q-switched Nd:YAG laser operating at the fundamental wavelength of 1064 nm was used to create 
hyper-Rayleigh scattered light at 532nm from the samples.  The pulses had energies of 
approximately 10 mJ and a duration (FWHM) close to 12 ns and was vertically polarized. The 
incident power could be varied using a combination of a half wave-plate and Glan polarizer. The 
incident beam was weakly focused (beam diameter ~0.5 mm) into the solution contained in a 5 cm 
long cuvette.  The hyper- Rayleigh signal was collected at right angles to the incident beam and 
collimated using a high numerical aperture lens (N.A. =0.8) without polarization selection. 
Subsequently the signal was spectrally discriminated using a combination of an infrared blocking 
filter and one of two narrow band interference filters before being detected by a photomultiplier 
(Hamamatsu model H9305-04). The current pulse from the photomultiplier was
 
integrated using a 
Stanford Research Systems gated box-car integrator (model SR250) and normalized pulse by pulse 
to the second harmonic signal from a 1 mm quartz plate in order to compensate for fluctuations in 
the temporal profile of the laser pulses due to longitudinal mode beating.
 
Dioxane was used as a 
solvent, and the  values were calibrated using a reference solution of p-nitroaniline (pNA)12-13 also 
dissolved in dioxane at a concentration of 1 x 10
-2
 mol dm
-3
 (external reference method). The 
concentrations of the solutions under study were chosen so that the corresponding hyper-Rayleigh 
signals fell well within the dynamic range of the detection system. All solutions were filtered (0.2 
m porosity) to avoid spurious signals from suspended impurities. 
 
Other characterization measurements were carried out as follows. IR spectra were determined on a 
BOMEM MB 104 spectrophotometer using KBr discs. UV-visible absorption spectra (200 – 700 
nm) were obtained using a Shimadzu UV/2501PC spectrophotometer and the fluorescence spectra 
were collected using a FluoroMax-4 spectrofluorometer. Thermogravimetric analysis of samples was 
carried out using a TGA instrument model Q500 from TA Instruments, under high purity nitrogen 
supplied at a constant 50 mL min
-1 
flow rate. All samples were subjected to a 20 ºC min
–1 
heating 
rate and were characterized between 25 and 500 ºC. 
 
 
 
2.1 Calculations  
 
The hyperpolarizability of pNA dissolved in dioxane is known from EFISH measurements carried 
out at the same fundamental wavelength.
 
The small hyper-Rayleigh signal that arises from dioxane 
was taken into account according to the equation (1)  
 
 
            (1)   2222   INNGI solutesolutesolventsolvent 
 where the factor G is an instrumental factor that takes into account the detection efficiency 
(including geometrical factors and linear absorption or scattering of the second harmonic light on its 
way to the detector) as well as local field corrections due to the solvent. We took particular care to 
avoid reporting artificially high hyperpolarizibilities due to a possible contamination of the hyper 
Rayleigh signal by molecular fluorescence near 532 nm. Measurements were carried out using two 
different interference filters with different transmission pass bands centred near the second harmonic 
at 532 nm. By comparing the signals obtained with the two different filters we can determine the 
relative contributions of the hyper-Rayleigh and fluorescence signals if present. Details concerning 
this procedure can be found elsewhere.
8
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Fig. 1.  Scheme of assembly for measurements of diffusion hyper-Rayleigh. P = polarizer, λ/2 = half-waveplate, L = lens, 
E = mirror, PD = disperser prism, F’ = band-pass filter, F = low-pass filter, FD = photodetector, FM = photomultiplier. 
 
 
After subtracting off the small second harmonic signal due to the solvent and carrying out the 
decomposition of the remaining signal into second harmonic and fluorescent components we 
estimate the first hyperpolarizability of the molecules under study using equation (2) 
 
 
hrs
pNachrom
pNa hrs
pNa chrom
NS
S N
  .
       (2) 
 
Here hrschromS  is the normalized hyper-Rayleigh component of the signal from the chromophore while 
hrs
pNaS  is the signal from the p-nitroaniline (pNA) solution used as an external reference acquired 
under identical experimental conditions. The molar densities of the respective solutions are chromN  
and pNaN . In using this expression we assume, as is typical, that the hyperpolarizability tensor is 
dominated by a single longitudinal element. This is the case for the reference molecule, pNA with a 
value of 3016.9 10zzz x
 esu as measured using the EFISH technique.12,13  
 
3. RESULTS 
3.1 Synthesis  
 
The new push-pull heterocyclic systems 1-4 (Fig. 2) bearing different π-conjugated bridges 
(thienylpyrrole, bithiophene and arylthiophene) functionalized with the same 2-(3-oxo-2,3-
dihydroinden-1-ylidene)malononitrile acceptor moiety at pyrrole or thiophene heterocycles were 
synthesised in order to evaluate the effect of the electronic nature of the -conjugated bridge and also 
the position of substitution of the acceptor group at the heterocyclic system on the nonlinear optical 
properties of chromophores 1-4. These compounds were obtained in good to excellent yields (72-
96%) by condensation of the formyl- precursors: bithiophenes,
14
 thienylpyrroles
15
 and 
arylthiophenes,
16 
with 3-oxo-2,3-dihydroinden-1-ylidene)malononitrile in ethanol at room 
temperature for 5 days (Table 1). The precipitate obtained was recrystallized from ethanol. The 
structures of the new derivatives 1-4 were confirmed by the usual spectroscopic techniques. The 
details of the synthesis and full characterization of compounds 1-4 will be reported elsewhere. 
 
Table 1. Yields, IR spectrocospic data and Td data for chromophores 1-4. 
 
Compound 
Yield 
(%) 
   υa (cm-1) 
     C=O            C≡N 
Td 
(
o
C)
c
 
1a 72 1693 2209 298 
2a 86 1698 2213 215 
2b 89 1699
b
 2217
b
 252 
3 72 1695 2214 306 
4 96 1699 2215 339 
a The IR spectra were obtained in KBr. 
b The IR spectra were obtained in Nujol. 
c Decomposition temperature (Td) measured at a heating rate of 20 ºC min
–1 under a nitrogen atmosphere, obtained by 
thermogravimetric analysis (TGA). 
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Fig. 2. Chemical structures of the chromophores 1-4.  
3.2 UV-visible study 
Electronic absorption spectra of chromophores 1-4 in dioxane solutions (10
-4
 M) showed an intense 
lowest energy charge-transfer absorption band in the UV-visible region in the range 521-573 nm 
(Table 2). The position of this band was strongly influenced by the position of attachment of the 
indanonedicyanovinyl unit, being ca. 30 nm red-shifted for the attachment at the thiophene ring (2a, 
λmax = 573 nm) when compared to the attachment at the pyrrole ring (1a, λmax = 546 nm) (Fig. 3, 
left). The electronic character of the substituent at the pyrrole nitrogen (propyl or 4-methoxyphenyl 
group) did not have a marked influence as compounds 2a and 2b showed similar maximum 
wavelength of absorption (compare entries 2 and 3 in Table 2). As previously stated, electron 
excessive/deficient heterocycles can act as auxiliary donors/acceptors when they are connected to 
donating/withdrawing groups, increasing the overall donor/acceptor strength of the system, and this 
is confirmed by comparing the effect on λmax of the replacement of a thiophene ring (3, λmax = 564 
nm) by a phenyl ring (4, λmax = 521 nm) (Fig. 3, right).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. UV-visible absorption normalized spectra of compounds 1a and 2a (left) and compounds 3 and 4 (right) in 
dioxane. 
 
 
This effect was also seen in the comparison of 2b and 4 (entries 3 and 5 in Table 2), in which the 
conjugation pathway was further extended by incorporation of a pyrrole ring to the π-conjugated 
system (2b, λmax = 567 nm) resulting in a red-shift when compared to compound 4 (λmax = 521 nm), 
potentiating the inductive and conjugative effect of the methoxy group. As is typical in charge 
transfer molecules, an increase in the wavelength of the absorption maximum λmax in the UV-visible 
spectra is accompanied by an increase in the first hyperpolarizability  values, characteristic of the 
strength of the second order NLO response.
1
 The same trends were seen in the fluorescence data of 
chromophores 1-4 in dioxane, with the wavelength of maximum emission appearing between 583-
640 nm. 
 
 
 
0
0.2
0.4
0.6
0.8
1
400 450 500 550 600 650 700
Abs
Wavelength (nm)
1a
2a
0
0.2
0.4
0.6
0.8
1
400 450 500 550 600 650 700
Abs
Wavelength (nm)
3
4
3.3 Nonlinear optical study 
 
We used the hyper-Rayleigh scattering method
 
to determine the first hyperpolarizabilities,  , of 
chromophores  1-4 in dioxane solutions (Table 2). p-Nitroaniline (pNA) was used as standard
12-13 
in 
order to obtain quantitative values while care was taken to properly account for possible fluorescence 
of the dyes (see the experimental details). To take into account possible resonant enhancement due to 
the proximity of the incident or second-harmonic light to the energy of the charge transfer transition 
of the molecule, one usually extrapolates the measured hyperpolarizabilities to the dc (static) limit, 
β0, using the two-level model of Oudar and Chelma (equatin 3),
22
  
 
   
2 2
0 max max1 /1064 1 / 532nm nm  l l             (3) 
 
 
where maxl  is the peak wavelength of the UV-vis absorption profile. These static 
hyperpolarizabilities neglect damping or any influence of higher excited states. They are therefore 
only indicative and should be treated with caution. 
 
Table 2. UV-vis absorption and emission data,  and 0 values data for chromophores 1-4 in dioxane. 
      Entry  Compound lmax (nm)
 
 log ε lemi (nm) 
  
(10
-30 
esu)
a
 
0 
(10
-30 
esu)
b
 
1 1a 546 4.40 605 350 14±2 
2 2a 573 4.62 640 905 103±7 
3 2b 567 4.58 631 810 79±8 
4 3 564 4.61 633 1125 100±6 
5 4 521 4.59 583 1100 34±3 
6 pNA 352 --- --- 16.912-13 8.5 
a All compounds are transparent at the 1064 nm fundamental wavelength. 
b Data corrected for resonance enhancement at 532 nm using the two-level model with 0 =  [1-(lmax/1064)
2][1-(lmax/532)
2]; 
damping factors not included 1064 nm.21-23 
 
Comparison of the β values for 2a (905 × 10-30 esu) and 1a (350 × 10-30 esu) shows that the 
substitution of the 3-oxo-2,3-dihydroinden-1-ylidene)malononitrile  acceptor group at the 5'-position 
on the thiophene ring (2a) leads to a larger nonlinearity than the same electron-deficient moiety at 5-
position on the pyrrole ring (1a). The results obtained show that the location of the electron acceptor 
group on the pyrrole or on the thiophene ring can, by itself, dramatically alter the overall molecular 
nonlinearity of the system. One must therefore view the thienylpyrrole system not simply as the 
conjugated bridge but also as one of the key structural units, affecting the overall electron transfer 
properties of the system. Pyrrole, being the most electron-rich of the five-membered heterocyclic 
rings, counteracts the electron withdrawing effect of the acceptor group (in 1a) leading to a decrease 
in β. These findings are consistent with previous theoretical17-18 and experimental19 studies, 
including our recent work.
4-6,9
 In general, it can be concluded that, depending on the location of the 
acceptor groups in the system, an increase or decrease in the molecular nonlinear activity of 
thienylpyrrole push-pull chromophores can be obtained. By comparing the β values for the molecules 
2a (905 × 10
-30
 esu) and 2b (810 × 10
-30
 esu), it can be seen that the substitution of a 4-
methoxyphenyl group by the n-propyl group at position 1 of pyrrole ring leads to a higher first 
hyperpolarizability, which is probably due to the greater planarity of compound 2a
9,20 
facilitating the 
charge transfer upon excitation. Compounds 3 and 4 bearing bithiophene (1125 × 10
-30
 esu) and 
arylthiophene (1100 × 10
-30
 esu) conjugated bridges display still greater β values when compared to 
thienylpyrrole derivatives. These values are exceptionally large. Even the extrapolated response 0 of 
chromophore 3 is more than an order of magnitude higher than that of the standard reference 
molecule p-nitroaniline.  
 
 
3.4 Thermal properties 
 
The thermal stability of chromophores 1-4 was estimated by thermogravimetric analysis (Table 1). 
All samples had high decomposition temperatures (Td= 215–339 ºC), measured at heating rate of 20 
ºC min
–1
. Thienylpyrrole 1a bearing a pyrrole ring substituted at positions 2 and 5, bithiophene 3 and 
arylthiophene 4 are the more thermally stable compounds exhibiting higher decomposition 
temperatures (Td= 298–339 ºC). This thermal stability would benefit the practical applications of 
these chromophores on optical devices. 
 
 
 
4. CONCLUSIONS 
 
In summary, we have synthesized new push-pull heterocyclic systems 1-4 in good to excellent yields.  
Hyper-Rayleigh scattering was used to determine the first hyperpolarisability, , the data showing 
that  is dependent on the substituent on the pyrrole ring (alkyl or aryl) and on the position of 
substitution of the acceptor group at the pyrrole or at the thiophene ring. It was also shown that the 
thienylpyrrole derivatives functionalized with the acceptor group at the thiophene ring had higher 
molecular nonlinearities. On the other hand chromophores based on bithiophene 3 and arylthiophene 
4 bridges exhibit the highest  values and thermal stabilities. Experimental results for compounds 1-
4, indicate that exceptional optical nonlinearities are well balanced with good thermal stability 
making them good candidates for NLO applications. 
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